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SIN and the Art of Splitting the Fission
Yeast Cell
Andrea Krapp, Marie-Pierre Gulli and Viesturs
Simanis
The septation initiation network (SIN) triggers the
onset of cytokinesis in the fission yeast
Schizosaccharomyces pombe by promoting
contraction of the medially placed F-actin ring. SIN
signaling is regulated by the polo-like kinase plo1p
and by cdc2p, the initiator of mitosis, and its
activation is co-ordinated with other events in
mitosis to ensure that cytokinesis does not begin
until chromosomes have been separated. Though
the SIN controls the contractile ring, the signal
originates from the poles of the mitotic spindle.
Recent studies suggest that the spindle pole body
may act as a dynamic assembly site for active SIN
signaling complexes. In the budding yeast
Saccharomyces cerevisiae the counterpart of the
SIN, called the MEN, mediates both mitotic exit and
cytokinesis, in part through regulating activation of
the phosphoprotein phosphatase Cdc14p. Flp1p, the
S. pombe ortholog of Cdc14p, is not essential for
mitotic exit, but may contribute to an orderly
mitosis–G1 transition by regulating the destruction
of the mitotic inducer cdc25p.
Proper management of events at the end of the cell
cycle is important to assure faithful segregation of the
genome and maintenance of ploidy. Inactivation of
cyclin-dependent protein kinases (Cdks), onset of
anaphase, disassembly of the mitotic spindle and
cytokinesis must be co-ordinated spatially and
temporally to complete the cell division cycle
successfully. We understand these processes best in
simple genetically tractable model systems such as
the fission and budding yeasts. In this review we shall
focus upon the septation initiation network, or SIN,
which regulates cytokinesis in fission yeast. A failure
of SIN signaling gives rise to multinucleated cells,
while ectopic activation of the SIN can uncouple the
normal dependency of cytokinesis upon entry into
mitosis [1]. Thus, timely activation of the SIN is an
important event at the end of mitosis. 
We shall begin with an introduction to the proteins
that make up the SIN, emphasizing recent studies that
have begun to shed light on how the SIN proteins are
organized and regulated. One of the most intriguing
aspects of the SIN is the asymmetric distribution of
some proteins on the poles of the mitotic spindle: we
will discuss recent work that reveals unexpected
complexity in the behavior of spindle pole bodies
during mitosis. Finally, we will discuss the role of the
S. pombe flp1p/clp1p phosphoprotein phosphatase, a
member of the Cdc14 protein family, in mitotic exit
and checkpoint control.
Introduction to the SIN
S. pombe Division
The fission yeast Schizosaccharomyces pombe is a
unicellular, rod-shaped organism. It grows mainly by
elongation at the tips and divides by formation of a
medially placed division septum. The site of cell
division is defined at the onset of mitosis through
signals that emanate from the nucleus, which is
usually located at the center of the cell (reviewed in
[2]). An actomyosin-based contractile ring is
assembled at this site as nuclear division proceeds. At
the end of mitosis, the SIN triggers ring contraction
and synthesis of the division septum (reviewed in
[3,4]). Imaging of ring components tagged by fusion to
a fluorescent protein has shown that the assembly
occurs in discrete steps, but does not seem to require
the SIN [5].
Equivalents of the SIN in Other Eukaryotes
In the budding yeast S. cerevisiae, the functional
equivalent of the SIN is the mitotic exit network, or
MEN. The MEN is required for inactivation of mitotic
Cdks and promoting mitotic exit, but it has a second
role in controlling cytokinesis [6]. Most MEN mutants
arrest with separated chromosomes, an elongated
spindle and high levels of cdk activity. S. cerevisiae
defines the division site very early in the cell cycle and
must therefore align the spindle correctly to ensure
that both mother and daughter cells receive a nucleus.
Activation of the MEN is tightly coupled to spindle
position. Orthologs of some SIN- and MEN-like
proteins have been identified in higher eukaryotes (for
references and discussion, and a list of equivalent
gene names in S. pombe, S. cerevisiae and higher
eukaryotes see [6–10]).
Core Components of the SIN
Null mutants in core elements of the SIN result in two
different phenotypes. First, elongated, multinucleated
cells that eventually lyse, the so-called SIN phenotype.
This is caused by a failure to signal and results from
loss-of-function mutations in cdc7, cdc11, cdc14,
etd1, mob1, pld6, sid1, sid2, sid4 or spg1 [11–16]. The
nuclear cycle — S phase and mitosis — continues
despite the failure to divide (for a discussion of
whether a cytokinesis checkpoint exists, see [7,17]).
The second phenotype is multiple rounds of septum
formation without cell cleavage, and results from
deregulated signaling following loss of either byr4 or
cdc16. These cells are either mono- or binucleate:
additional rounds of nuclear division are limited by the
size controls governing mitotic commitment [18–20].
The trigger for cell cleavage is unknown, but it is
tempting to speculate that the SIN must be inactivated
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(see [7,17] for discussion). The following sections will
introduce the core components and regulators of the
SIN. Little is known about the roles of pld6 and etd1,
which will not be discussed further.
The Scaffold sid4p–cdc11p
Most of the SIN proteins associate with the spindle pole
body (SPB) at some point in the cell cycle (see [7,8] and
below). This requires a scaffold composed of sid4p and
cdc11p [21–24]. Sid4p binds cdc11p, anchoring it to the
SPB; the in vivo SPB anchor for sid4p is not known. It is
noteworthy that sid4p was identified in a two-hybrid
screen using the SPB protein sad1p as bait [25], but the
physiological relevance of this remains to be estab-
lished. Analysis of the localisation and function of dele-
tion mutants of cdc11p shows that the carboxyl
terminus of cdc11p is necessary and sufficient for SPB
localisation and binding to sid4p [23,26].
Detailed analysis of proteins that interact with
cdc11p and sid4p by two-hybrid interactions, in vitro
binding assays and analysis of affinity-purified com-
plexes has shown that sid4p interacts with the mitosis
and SIN regulator plo1p [24] and the SIN inhibitor
dma1p [27]. Cdc11p can interact directly with spg1p,
cdc16p and sid2p in vitro [24]: only the interaction
with sid2p is sufficiently robust to survive extraction
and immunoprecipitation.
Interestingly, these interactions all involve the
amino-terminal half of cdc11p. Consistent with this,
recruitment of the amino-terminal region of cdc11p to
the SPB by fusion to the carboxyl terminus of sid4p
will rescue mutants in both scaffold proteins,
suggesting that this domain will allow assembly of
functional signaling complexes if taken to the SPB
[26]. Cdc11p mutants lacking the carboxyl terminus
do not associate with the SPB and will not inhibit
septum formation if overproduced [26], suggesting
that active signaling complexes can only be assem-
bled either in the context of sid4p or at the SPB. It is
not known whether all the SIN components can bind
to the same sid4p–cdc11p scaffold molecule simulta-
neously, or whether different subcomplexes are
formed. Assembly of the SIN at the SPB is shown in
cartoon form in Figure 1.
The scaffold protein cdc11p is a phosphoprotein
which is hyperphosphorylated during mitosis [21].
This correlates with SIN activation and depends upon
SPB association of cdc11p and the activity of cdc7p
in vivo [28]. It has been suggested that this phospho-
rylation is the trigger for signaling, though this
remains to be demonstrated. This does, however,
raise the intriguing possibility that cdc11p plays an
active part in the signaling process, in addition to
being a scaffold molecule.
The initiation of septum formation must be
coordinated with mitosis. In addition to SIN proteins,
the amino terminus of cdc11p also binds to the mitotic
cyclin cdc13p [24]. As cdc2p negatively regulates the
SIN [29], possibly by preventing the sid1p–cdc14p
complex from binding to the SPB [30], it is tempting to
speculate that cdc11p-bound cdc2p–cdc13p directly
inhibits loading of this complex onto the SPB. This
inhibition is not, however, due to phosphorylation of
cdc11p by cdc2p–cdc13p, as cdc11p that has been
mutated in eight Cdk consensus sites is fully
functional [24]. The mechanism by which mitotic
kinase activity inhibits SIN signaling remains to be
determined.
Cdc11p is also required for formation of normal
astral microtubule arrays during mitosis [21]. How it
influences microtubule behavior is not known. Astral
microtubules play a role in monitoring spindle orienta-
tion in S. pombe through a checkpoint that prevents
anaphase B onset if the spindle is not orientated along
the long axis of the cell. Consistent with a defect in
astral microtubule function, anaphase B onset is
delayed in cdc11 mutants [31]. It is noteworthy that
Nud1p, the MEN scaffold protein in S. cerevisiae, also
regulates astral microtubules [32] and binds to Bub2p,
the equivalent of S. pombe cdc16p [33].
The GTPase spg1p, Its Regulators and cdc7p
Signaling by the SIN is thought to be governed by the
GTPase spg1p. Increased expression of spg1 can
trigger septum formation at any stage of the cell cycle
[1,27]. The nucleotide status of spg1p is regulated by
byr4p and cdc16p, which together act as a GTPase-
activating protein (GAP) [34]. Byr4p acts as a scaffold
with independent binding sites for spg1p and cdc16p
[35]; the existence of a trimeric complex has been
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Figure 1. The SIN at the SPB in S. pombe.
Assembly of the SIN proteins and their regulators at the SPB is
mediated by the sid4p–cdc11p scaffold. When proteins
overlap, a direct interaction has been demonstrated, either by
co-immunoprecipitation, pull-down experiments or two-hybrid.
Positive regulators are shown in green, and inhibitors of SIN
signaling are shown in red. Non-essential inhibitors are shown
in yellow. The carboxyl terminus of cdc11p interacts with the
amino-terminal region of sid4p. Plo1p binds to the amino-
terminal half of sid4p. It is not known where dma1p binds on
sid4p. Many proteins bind to the amino-terminal 600 amino
acids of cdc11p. The precise location of the binding sites has
not been established in most cases, so the position of the
protein complexes indicated here should not be considered
biologically significant. Spg1p can bind to both cdc7p and
byr4p. As spg1p still associates with the SPB in the absence of
GAP function [35,39], it is not clear how many ways there are
for spg1p to associate with the SPB. A single binding site is
shown for the sake of simplicity. Dotted lines indicate
hypothetical interactions and speculation. The anchor for sid4p
at the spindle pole remains to be identified. Localisation of
sid1p–cdc14p at the SPB requires functional cdc11p–sid4p,
though there is currently no evidence for a physical interaction.
The lazy-T shape indicates that cdc2p–cdc13p prevents SPB
association of sid1p–cdc14p.
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demonstrated in vitro [36]. No guanine nucleotide
exchange factor (GEF) for spg1p has been identified
either biochemically or in mutation screens. In the
absence of cdc16p, however, byr4p prevents both GTP
hydrolysis and release by spg1p in vitro [34]. Thus, dif-
ferential regulation of the association of cdc16p and
spg1p with byr4p might stabilize particular nucleotide
states of spg1p in vivo. This hypothesis remains to be
tested. It should not be forgotten that increased
expression of a putative dominant-negative GEF-trap-
ping mutant of spg1p inhibits septum formation [1],
raising the possibility that a non-essential GEF may play
a role in modulating the nucleotide status of spg1p.
The equivalent protein to spg1p in the budding
yeast MEN is Tem1p, which is negatively regulated by
a GAP composed of Bfa1p and Bub2p [7]. Lte1p, a
putative GEF for Tem1p, is essential for mitotic exit at
low temperatures; its GEF domain, however, is not
required for mitotic exit and it has been proposed
that it may promote association of Tem1p with the
SPB [37]. Nonetheless, real-time imaging has shown
that the coordination of spindle disassembly and
actin ring contraction is compromised in lte1 mutants
[38], suggesting that though it is not essential, Lte1p
plays a fine-tuning role in coordinating events during
mitotic exit.
Spg1p also binds to the protein kinase cdc7p
in vitro. Effector domain mutants of spg1p reduce the
interaction with cdc7p, which occurs preferentially with
spg1p–GTP in vitro [39]. The use of conformationally
sensitive antisera to spg1p [39], together with the pre-
dicted nucleotide status in GAP mutants and
localisation of GAP components [36,40], has led to the
model that spg1p makes the transition to the signaling-
competent GTP-bound state at the onset of mitosis,
allowing binding of cdc7p to the SPB. This has yet to
be confirmed by direct measurements of nucleotide
status in vivo. Loss-of-function mutants in spg1p
prevent stable association of cdc7p with the SPB
in vivo [39]. Spg1p requires cdc11p, but not byr4p,
cdc16p or cdc7p, for association with the SPB [39].
The kinase activity of cdc7p does not fluctuate through
the cell cycle [39], but local regulation of activity at the
SPB cannot be excluded. It is noteworthy that there is
a mutant of cdc7p that does not associate with the
SPB, yet cells are viable at low temperatures [41].
Whether this indicates a cytoplasmic role for cdc7p
remains to be determined. The S. cerevisiae equivalent
of cdc7p is Cdc15p, which is inhibited by mitotic Cdk
activity and activated by Cdc14p [42]; it is not known if
this is also the case for cdc7p.
The Kinases sid1p–cdc14p and sid2p–mob1p
Signal transduction in the SIN pathway requires two
protein kinases in addition to cdc7p: sid1p [30] and its
regulatory subunit cdc14p [43], and sid2p [44] with its
partner mob1p [12,14]. Examination of the depen-
dency of localisation of a number of SIN proteins to
the SPB and contractile ring in some SIN mutant
backgrounds has led to the hypothesis that the three
protein kinases cdc7p, sid1p and sid2p act in a linear
order [30] (Figure 2). No biochemical support for this
has yet been reported.
A sid1p–cdc14p complex can be detected in fission
yeast cells throughout the cell cycle, but it associates
with the SPB only during anaphase. The kinase activ-
ity of sid1p shows a slight peak at the end of
anaphase [30]. Cdc14p is required for full activation of
sid1p [45] and the two proteins are interdependent for
SPB localisation [30]. Association of sid1p–cdc14p
with the SPB does not occur until mitotic kinase
activity has been reduced, and it depends upon active
SIN signaling via spg1p–cdc7p [30]. Increased
expression of cdc14 results in a G2 arrest [43], which
is partially relieved by mitotic control mutants.
Whether this results from interference of the interac-
tion of cdc13p–cdc2p with cdc11p is unknown.
Sid2p–mob1p is seen at the SPB throughout
mitosis, and then it associates with the actin ring prior
to ring contraction. It is not known whether the
sid2p–mob1p that appears at the contractile ring must
first transit via the SPB. The binding partner of
sid2p–mob1p at the contractile ring has not been
identified. It is assumed, but not proven, that
sid2p–mob1p association with the ring is the trigger
for its contraction.
The kinase activity of sid2p peaks at the time of
septum formation [44]. Mob1p is required for the
localisation of sid2p to the SPB and the contractile
ring [12,14], and for full activation of the kinase activity
of sid2p [46] by preventing the latter from undergoing
inhibitory homodimerization [46]. Formation of the
mob1p–sid2p complex is not, however, cell-cycle
regulated and is not affected in the SIN mutants.
Sid2p is a phosphoprotein: mutation of conserved
regulatory phosphorylation sites on sid2p to alanine
reduces its kinase activity, while mutation to phos-
phomimetic amino acids increases kinase activity and
partially rescues mutants in sid1, cdc14, spg1 and
mob1, but not sid4, cdc11 or cdc7 [46]. 
As activation of sid2p–mob1p and their association
with the contractile ring depend upon the scaffold
protein cdc11p and functional spg1p–cdc7p [44], it
has been proposed that sid2p phosphorylation is
mediated by one of the SIN kinases [46]. In the
S. cerevisiae MEN, Dbf2p, the counterpart of sid2p, is
thought to be directly activated by Cdc15p [47], which
is most closely related to cdc7p in its kinase domain.
Whether sid2p can be activated directly by cdc7p is
not known.
Regulators of the SIN
Positive Regulators
The protein kinase plo1p may regulate the SIN:
shutting down plo1 expression from a regulated
promoter in a plo1 null background gives rise to a SIN
phenotype [13], and some plo1 mutants also fail to
septate [48]. Increased expression of plo1 will induce
cells to septate in interphase [13]. Ectopic activation
of the SIN in a plo1 mutant gives rise to septation
[26,48], suggesting that plo1 acts upstream of the SIN.
Plo1p binds to sid4p [24] and phosphorylation of
cdc11p during anaphase requires plo1p activity [26].
The relevant targets for plo1p in SIN regulation remain
to be determined, but by analogy with S. cerevisiae,
byr4p may be one target [49]. 
One should not forget that plo1p plays many roles
in mitosis [13,50]: it is required for positioning the divi-
sion plane [51] and is also a component of non-SIN
complexes at the SPB, some of which regulate mitotic
commitment [52]. The finding that plo1p associates
with the SPB prematurely in the cdc7-24 mutant at
permissive temperatures [53] suggests that there may
be a feedback loop involving plo1p and the SIN. It is
interesting to note that plo1p binds to sid4p via its
‘polo box’ region [24], which functions as a phospho-
recognition motif, possibly for sites generated by
proline-directed kinases such as cdc2p [54]. It is
tempting to speculate that this is part of the mecha-
nism that couples entry into mitosis with ‘activation’ of
the SPB for SIN protein binding.
Negative Regulators
Screens for SIN regulators [55,56] have identified
dma1 as a multicopy inhibitor of SIN signaling.
Increased expression of dma1 produces a SIN
phenotype and can also inhibit mitotic progression
[55]. The core kinases of the SIN are displaced from
the SPB while spg1p is not [27]: how this is achieved
is unknown. Dma1p localises to both the SPB and
contractile ring [27]. It binds to sid4p at the SPB, but
its partner at the ring is unknown. Dma1p contains a
FHA phosphorecognition domain, which is required
for its localisation, and a RING finger domain, which
may be involved in ubiquitinylation. Whether dma1p
functions as part of a ubiquitin ligase in vivo is not
known. Dma1p function is not essential for division,
but dma1 null cells are unable to restrain septation if
mitotic spindle function is compromised [27,55]. It has
been proposed that dma1p controls the localisation of
plo1p to the SPB [27]. Both proteins rely on sid4p for
SPB association, though it is unclear if binding is
through the same domain.
The two B′ regulatory subunits, par1p and par2p, of
phosphoprotein phosphatase 2A (PP2A) have been
identified as negative regulators of the SIN [57,58].
Par1p associates with the SPB and contractile ring
during mitosis [57]. The target(s) of PP2A in the SIN
remain to be determined, though dephosphorylation
of cdc11p at the end of mitosis is not complete in par1
mutants [28]. Interestingly, a greater percentage of
par1 mutant cells show symmetric distribution of
cdc7p during mitosis [58].
A number of genes are considered to be negative reg-
ulators of the SIN because loss-of-function mutations in
them rescue SIN mutants. They will not rescue SIN null
mutants, indicating that they do not bypass the SIN.
These include genes for the RNA-binding protein scw1p
[59,60] and the zinc-finger protein zfs1p [61], which pre-
sumably binds RNA or DNA. Scw1p does not function
by restoring protein localisation in mutants where it is
compromised and also affects microtubule stability [60].
Identification of the targets of these proteins will be of
considerable interest.
Analysis of fin1, which encodes the S. pombe
ortholog of the Aspergillus nidulans mitotic regulator
nimA, has revealed an unexpected role for the protein
in regulation of the SIN [62]. Fin1 is not an essential
gene, but mutants have a defect in spindle formation.
Fin1p has also been implicated in regulating recruit-
ment of plo1p to the SPB [63]. Fin1p is localised to the
SPB and central spindle in a complex pattern [62].
Spindle pole association of fin1p upon entry into
mitosis depends upon byr4p, with which fin1p
interacts. During anaphase, fin1p is displaced from
the new SPB in half of the cells (see below). As fin1p
remains associated with both SPBs in the other half of
the cells and as byr4p is asymmetric, fin1p must be
anchored at this stage to the SPB via another SPB
component, currently unidentified. Interestingly, fin1p
localisation to the SPB requires also the activity of the
SIN kinases, suggesting that fin1p might be part of a
negative feedback loop that inhibits or limits SIN
activity at the M–G1 transition, analogous to the
AMEN factor of S. cerevisiae [64]. This inhibition is not
mediated through byr4p, however, as byr4p localises
normally in cells with either compromised or
enhanced fin1p function.
Asymmetric Distribution of SIN Proteins
Some of the SIN proteins and regulators show an
asymmetric distribution on the spindle pole bodies
during anaphase B: cdc7p [39] and sid1p–cdc14p [30]
segregate to one pole in anaphase, while
byr4p–cdc16p [36,40] and fin1p [62] go to the
opposite pole. Cdc11p, sid4p, spg1p and
sid2p–mob1p are observed on both spindle poles
during anaphase. For a detailed diagram of the
distribution of SIN proteins see [7]. Sid1p–cdc14p
appears on one spindle pole after the initiation of
anaphase B and inactivation of mitotic cdc2p. It is not
clear what triggers the association of sid1p–cdc14p
with the SPB. Cdc7p associates with both spindle
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Figure 2. Regulatory events in the SIN.
The SIN proteins are shown acting in the simplest fashion,
namely in a linear order, though this remains to be proven bio-
chemically. The potential regulatory loops and regulatory
events alluded to in the text are shown with blue lines. The
double-headed arrow indicates the changes of nucleotide state
of spg1p. The colors of SIN elements used are those in Figure
1. Question marks indicate possible regulatory events. See text
for details.
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pole bodies at the onset of mitosis and becomes
asymmetric after the onset of anaphase B.
The byr4p–cdc16p GAP is associated with the SPB
throughout interphase. Early in mitosis byr4p is seen
at low levels at both spindle pole bodies, while cdc16p
cannot be detected. It has been proposed that
inactivation of spg1p signaling on one pole before the
other by reassembly of the byr4p–cdc16p GAP
mediates the asymmetric distribution of SIN proteins
[36,39,40]. Mutants in either byr4p or cdc16p leave
spg1p locked in the GTP form and result in symmetri-
cal distribution of cdc7p and sid1p–cdc14p during
mitosis [30,39]. The presence of cdc7p — and by
inference the other core SIN kinases — is not required
to establish asymmetric inactivation of spg1p [39].
After completion of the septum, both cells show an
interphase configuration of SIN regulators. In cells
arrested by the spindle assembly checkpoint, byr4p is
present on the SPB [28]. The status of cdc16p is not
known. MEN proteins also distribute asymmetrically in
S. cerevisiae (see [7,65]).
Why Should Proteins Be Distributed
Asymmetrically?
The simplest explanation would probably be that
concentrating all the positive regulatory molecules in
one place reduces the possibility for error. This
question remains open, however — for a discussion of
other possibilities see [7]. It is noteworthy that
sid2p–mob1p is present on both spindle pole bodies
throughout mitosis. Assuming that sid2p is the
ultimate effector of the SIN, the fact that it is associ-
ated with spindle pole bodies whose constellation of
SIN proteins and regulators is not identical, raises the
possibility that different kinds of signals may be
generated by the two spindle pole bodies.
Which Pole Retains the Signaling Kinases ?
Duplication of spindle poles in S. pombe is
conservative [66]: the question of whether the ‘old’ or
‘new’ pole retains cdc7p during anaphase B has
recently been answered [62] with an elegant technique
that was earlier used to study SPB inheritance in
S. cerevisiae [67]. A SPB component was tagged with
slow-folding red fluorescent protein (RFP) and cells
were grown into stationary phase. As RFP takes more
than one generation to fold into a fluorescent
conformation, when cells re-enter the cell cycle in
fresh medium, only pre-existing ‘old’ spindle pole
bodies are labeled with RFP, while new poles are not.
Combining this reagent with GFP-tagged SIN proteins
demonstrated that cdc7p and sid1p–cdc14p associ-
ate with the ‘new’ SPB, while byr4p-cdc16p associ-
ates with the ‘old’ SPB.
In S. cerevisiae, active MEN signaling complexes
associate with the daughter-bound, ‘old’ spindle pole
[67]. After reversible depolymerisation of micro-
tubules, however, either pole can go to the daughter
cell [67]. This contrasts with the situation in S. pombe,
where cdc7p, spg1p–GTP, cdc14p and sid1p remain
associated with the ‘new’ SPB even after microtubule
depolymerisation. Thus, in S. pombe the spindle pole
bodies appear to be intrinsically different, while in
S. cerevisiae the nature of the signaling complexes
that assemble on a pole depend upon whether it is
destined to enter the daughter cell.
The anaphase segregation pattern displayed by
fin1p reveals another layer of complexity: it appears
on both poles in 50% of anaphases, while in the other
half it associates only with the old SPB [62]. Pedigree
analysis showed that, in cells where it is asymmetric,
fin1p associates with the old pole. Fin1p segregates
symmetrically during anaphase in the cell that inherits
this pole, while the cell inheriting the ‘new’ pole again
shows asymmetric segregation of fin1p during
anaphase. In contrast, both cells that display a
symmetric distribution of fin1p in anaphase produce
symmetric anaphases in the next cycle. Tracing of
individual spindle pole bodies over multiple genera-
tions leads to the model that full maturation of the
SPB takes more than one cycle [62]. The nature of the
modifications involved is unclear.
The SPB: A Dynamic Assembly Site for SIN
Proteins?
As many mitotic regulators are also found at the SPB
[53,68–70], having the SIN proteins localised at the
SPB provides an attractive way to coordinate events
in mitosis with signaling the onset of septum
formation and cytokinesis. It is unclear how the SIN
signal is transmitted from the SPB to the contractile
ring. It is conceivable that signals generated at the
spindle poles diffuse to the cell equator, but active
transport cannot be excluded. Mitotic checkpoint
signaling is thought to be mediated at least in part by
dynamic generation of inhibitory signals at unattached
kinetochores; see [71], for example.
To address whether dynamic turnover of SIN
proteins might play a role in signal transduction, FRAP
has been used to study the residence time of SIN
proteins at the SPB. The cdc11p–sid4p scaffold turns
over quite slowly in interphase, and is even more
stable during mitosis. In contrast, the signaling
proteins spg1p and sid2p turn over at least three-fold
more rapidly than sid4p, which is consistent with the
SPB being a dynamic assembly site for signaling
complexes [24]. Whether turnover rates differ on the
old and new spindle pole bodies remains to be
determined. As spg1p and sid2p turn over equally
rapidly both in interphase and mitosis, the nature of
the activation event for SIN signaling remains unclear.
Analysis of turnover of the MEN protein Tem1p during
late anaphase has shown that it is rapid [72]. Recovery
after photobleaching is biphasic, however, suggesting
that there may be functionally different populations of
Tem1p at the SPB in the daughter cell.
Targets of the SIN
The relevant in vivo substrates of the SIN kinases and
regulators remain elusive, but a number of hints
regarding targets have emerged. As mentioned above,
in vivo phosphorylation of cdc11p requires cdc7p
function, though whether cdc11p is a direct substrate
of cdc7p is unclear. The PH domain protein mid1p is
required for anchoring of the contractile ring at the
position of the interphase nucleus [73,74]. Exit of
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mid1p from the nucleus at the onset of mitosis and
formation of a cortical mid1p ring requires the activity
of plo1p [51], though it is not clear whether plo1p
directly phosphorylates mid1p.
It now seems clear that assembly of the contractile
ring does not require SIN activity [5]. The observation
that there are strong genetic interactions between SIN
and contractile ring mutants — such as cdc15 and sid2
[44] — may indicate that there are targets in the ring
that remain to be identified. How ectopic induction of
SIN signaling can promote contractile ring positioning,
assembly and contraction in interphase [1,15] while the
SIN is not required for ring assembly remains
unknown. It is noteworthy that the MEN controls split-
ting of the septin ring at the bud neck prior to cytoki-
nesis in S. cerevisiae [75]: whether the SIN controls
septin behavior in S. pombe is not known.
The SIN is required for formation of the equatorial
microtubule organising center (EMTOC) at the end of
mitosis [76], so SIN mutants do not form the post-
anaphase array which is required to fix the contractile
ring in place [77]. Though the β-glucan synthase
catalytic subunit bgs1p does not associate with the
contractile ring late in anaphase in SIN mutants
[78,79], it is not yet clear whether this reflects a direct
requirement for the SIN, or, for example, the absence
of the EMTOC.
The CDC14 Family Phosphatase flp1p/clp1p, the
SIN and Mitotic Exit in S. pombe
The phosphoprotein phosphatase Cdc14p plays a key
role in mitotic exit in budding yeast. It is an essential
protein, and cdc14 mutants arrest in late mitosis.
Cdc14p is considered to be the essential effector of
the MEN. It is tethered in the nucleolus during
interphase as part of the RENT complex, and released
from the nucleolus in early anaphase by the action of
the so-called FEAR network. Sustained release and
exit of Cdc14p from the nucleus requires MEN activ-
ity. Cdc14p then dephosphorylates numerous targets,
promoting cyclin degradation, accumulation of the
Cdk inhibitor Sic1p, mitotic exit and cytokinesis
(reviewed in [7]).
Null mutants for the S. pombe homolog of CDC14,
named either flp1 [80] or clp1 [81], are viable, but
show defects in cytokinesis and chromosome
segregation, and are also slightly advanced into
mitosis. Flp1p is also sequestered in the nucleolus,
but the anchor remains to be identified. The protein is
released from the nucleolus early in mitosis, but it is
not known whether a FEAR-equivalent network
mediates this. The subsequent associations of flp1p
with the mitotic spindle, contractile ring and spindle
midzone do not require SIN activity, though inactiva-
tion of the SIN is required for flp1p to return to the
nucleolus at the end of mitosis [80,81].
Strong, negative genetic interactions have been
described between many SIN mutations and a flp1
null mutation [80,81]. Whether this indicates that a SIN
protein is a flp1p substrate, or that incomplete
inactivation of cdc2p–cdc13p in a flp1 null reduces the
efficiency of SIN signaling is unclear. These
possibilities are not mutually exclusive. By analogy
with the S. cerevisiae MEN, cdc7p, the Cdc15p
homolog [42], and byr4p, the Bfa1p homolog [82], are
possible candidate substrates for flp1p among the
core SIN components.
Neither the SIN [30] nor flp1p [80] are required for
degradation of cyclins during mitosis in S. pombe, nor
is flp1p required for accumulation of the cyclin
dependent kinase inhibitor rum1p or activation of
cyclin proteolysis in G1 [80]. Though flp1 null mutants
can complete the cell cycle, analysis of the behavior
of fission yeast mitotic regulators in flp1 background
has revealed a role for flp1p in mitotic exit [83,84].
Strongly increased expression of flp1 causes a G2
arrest [80,81] and the mitotic inducer cdc25p is
dephosphorylated in the arrested cells, suggesting it
may be an in vivo target of flp1p.
In S. pombe, the mitotic inducer cdc25p is
expressed periodically [85], hyperphosphorylated
when maximally active during mitosis [86] and
degraded at the end of mitosis. Cdc25p degradation
is dependent at least in part upon the ubiquitin ligase
pub1p [87], though the APC/C also appears to be
involved [83]. In flp1 null mutants, cdc25p is neither
fully dephosphorylated at anaphase nor is it degraded
rapidly [83,84]. Flp1p can partially dephosphorylate
cdc25p in vitro, suggesting that the trigger for cdc25p
degradation may be its dephosphorylation. The
relevant sites have not been identified, however, and
this remains to be demonstrated. As cdc25p persists
during anaphase, inactivation of cdc2p–cdc13p,
septum formation and mitotic exit are delayed [83,84].
Flp1p appears to have no effect upon the activity or
phosphorylation state of wee1p [83,84]. Strong
genetic interactions between flp1 mutants and the
mitotic control have been noted previously [80,81]. 
It seems likely that flp1p will contribute to an orderly
M–G1 transition by triggering the rapid elimination of
cdc25p. This may function redundantly with other
mechanisms that reduce mitotic Cdk activity, such as
the inhibitor rum1p and the ubiquitinylation machinery.
With hindsight, the reduced size of flp1 null cells at
mitotic initiation probably results from the increased
levels of cdc25p present at the start of the cell cycle,
which means that the critical threshold for mitotic
entry is reached earlier. Cdc25p is mislocalized to the
nucleolus in cells strongly overexpressing flp1p [84],
suggesting that the G2 arrest observed previously
may be due to sequestration of cdc25p. Whether flp1p
regulates the G2–M transition in a normal cell cycle
remains unclear.
A Role for the SIN and flp1p/clp1p in the S. pombe
Contractile Ring Checkpoint
Thermosensitive mutants in contractile ring proteins
frequently elongate far less than SIN mutants as the
cell wall synthesis machinery is devoted to the
fabrication of an aberrant septum and cells delay
resumption of tip growth. Cells also delay entry into
the next mitosis in a manner dependent upon the size
control over entry into mitosis, particularly wee1 and
cdc2 [16,88,89]. In contrast, SIN-ring double mutants
have the phenotype resembling a SIN, rather than a
ring mutant, despite having an aberrant F-actin ring,
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for example [88,89]. It has therefore been proposed
that the SIN is required for a checkpoint that monitors
contractile ring integrity [88,89]. But it is not clear
whether the SIN is required for signal transduction in
this pathway, or whether the failure of the SIN to
signal ring contraction means that the presence of an
aberrant ring cannot be detected.
One of the molecules whose presence or function in
the ring may be scrutinised is the β-glucan synthase
catalytic subunit bgs1p [88,89]. Analysis of one bgs1
mutant was particularly revealing [89]. The cells arrest
with two nuclei, a post-anaphase microtubule array,
enter the next S phase, but do not initiate septum for-
mation or resume growth at the tips of the cell. Strik-
ingly, the cells retain a medially placed contractile
ring. Cdc7p and sid1p remain associated with one
SPB even though mitosis has been completed, as
though the cell is poised for cytokinesis [81,89].
Disassembly of the contractile ring with latrunculin A
relieves the block to initiation of mitosis in these cells,
indicating that the continued presence of the ring
inhibits mitosis [89]. It is important to note that
although cdc7p and sid1p are present at the SPB it is
not known whether they remain active in the arrested
cells and, if so, how the cell is prevented from
responding to their signals.
Flp1p is also required for this checkpoint [80,81]. In
a bgs1 mutant, flp1p does not return to the nucleolus
at the end of mitosis but remains cytoplasmic [81],
and bgs1 flp1 double mutants elongate, rather than
delaying the nuclear cycle [80,81]. Recent studies
indicate that flp1p is important for viability if the
contractile ring is perturbed [90]. Understanding the
role of the SIN in controlling the localisation of flp1p
and identification of the targets of flp1p relevant for
this checkpoint will be of considerable interest.
Future Directions
The greatest shortfalls in our understanding of how
the SIN works remain how do the three core kinases
cooperate to transduce the signal and what are the
relevant substrates? While genetics may help us with
the latter, only painstaking in vitro analysis using
purified proteins will finally answer the former. Going
beyond these long-standing questions, most of the
work to date has focused on the role of the SIN
proteins in the mitotic cycle. Little is known of their
role in the meiotic cycle, though snippets of informa-
tion may point the way. For example, diploids het-
erozygous for a mob1 truncation mutant are severely
compromised for spore viability [14]. There is also the
question of how septum formation is prevented during
meiosis: delayed inactivation of meiotic cdc2p activity
delays spore formation [91]; this may be analogous to
the situation in the mitotic cycle whereby mitotic
cdc2p activity inhibits septum formation.
Many questions also remain about the role of FEAR-
like proteins and flp1p in S. pombe mitosis and
meiosis. S. cerevisiae Cdc14p regulates spindle
function in anaphase [92], and is also involved in the
correct segregation of telomeric regions and rDNA in
S. cerevisiae (reviewed in [93]). Cdc14p and the FEAR
proteins are also involved in nuclear positioning [94]
and in the meiotic cycle [95,96]. It will be interesting to
determine whether flp1p performs equivalent roles in
S. pombe.
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